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Introduction
Non-union remains a significant complication of humeral shaft fractures, which has negative effects on patients' psychosocial status and health economics, as well as leading to loss of manpower. Non-union of humeral shaft fractures occurs in 2% to 10% of cases treated conservatively and in up to 15% of cases treated surgically (1) (2) (3) . Recent developments in the field of implant technology and surgical techniques have led to successful results in surgical treatments of humeral shaft fractures (4) . Several methods have been reported to deal specifically with non-union, such as compression plating and bone grafting (5-7), vascularized fibular grafting (1, 8) , intramedullary nailing (9) , and circular external fixation (10) . Of these, the most successful treatment is open reduction and internal fixation using compression plating and autologous bone grafting (5, 6, 8, (11) (12) (13) . However, poor bone quality secondary to aging, disuse, and previous surgery may lead to inadequate screw purchase, poor stabilization, mechanical failure, and persistent non-union. To obtain sufficient bone healing, rigid stabilization that maintains solid bone contact and compression between the fracture ends is necessary in these cases. To increase stability, different techniques, including dynamic compression plate (DCP) with cancellous bone grafting (5), DCP with cortical strut allografts (8) and double-plate fixation with grafting have been used (14) . There is evidence that among these techniques, double-plate fixation creates a more stable construct than single plate fixation (12) . Due to the high stability it provides, double-plate fixation may be an optimal technique to deal with non-union of humeral shaft fractures. Therefore, the aim of our study was to evaluate the clinical outcomes of double-plate fixation and grafting for non-union of humeral shaft fractures.
Materials and Methods
Our study was approved by our institution's Ethics Review Board. We performed a retrospective chart review of patients who were treated for non-union of humeral shaft fractures at our institution between 2006 and 2012. Thirty cases of humerus fractures were identified, in which initial fracture had been treated, either conservatively or surgically, in other institutions. Of these, 21 cases were fractures of the humeral shaft. Cases in which non-unions were treated with external fixator, single plate fixation, and intramedullary nail, as well as cases with pathological fractures and infected non-unions, were excluded. One case of a distal humeral shaft non-union fracture treated with medial and lateral plate fixation via a posterior approach with olecranon osteotomy was also excluded. Therefore, our analysis was based on the data of ten cases of non-union of mid-shaft fracture of the humerus.
Medical chart review was performed to extract relevant information from the history and physical examination to identify fracture etiology. The following preoperative information was identified for analysis: pain [Visual analogue scale (VAS)] and functional scores, [Disabilities of the arm, shoulder and hand (DASH)]; time from occurrence of fracture to non-union repair; preoperative range of motion of the shoulder and elbow joints; nerve injuries or other pathologies which were investigated. Postoperative information included: salient findings from the final examination and functional status assessed by the VAS and DASH, and overall rating of outcomes using the Stewart and Hundley classification (14) .
Surgical Technique
All surgeries were performed under general anesthesia. Thirty minutes before surgery, intravenous (iv) cefazolin sodium 1 g was administered. Surgical site cleaning was done outside the operating room. After cleaning the surgical site, the hand and forearm were encased in a sterile stockinette. The surgical area was covered with an iodine-impregnated drape. An anterolateral approach was used in four patients and a posterior approach in six. Thorough debridement of the sclerotic bone and any fibrotic tissue was performed until bleeding of the bone was obtained. The intramedullary canal was reestablished by drilling. The fragments were reduced and stable fixation was achieved with two plates lying at 90° to each other. The first DCP locking plate was placed either on the anterior or posterior surface, depending on the approach used, and the second was placed on the lateral surface of the bone, perpendicular to the first plate. After fixation, cancellous bone grafts from the iliac crest were used in three cases and granules (TCH 2-3 mm pellets) were packed around the nonunion site in the other seven cases to support the biological healing. Demineralized bone matrix (Putty Allogenix W. Lorenz) was mixed with the granules in one of these seven cases and granular calcium phosphate (Callos-Biomet) was mixed with granules in another. No suction drain was used. A splint was applied from the metacarpophalangeal joint up to the level of the shoulder. After surgery, 4x1/day 500 mg of paracetamol and Xefo (Lornoxicam 8 mg) was administered by iv 1x1/day for pain control.
Antibiotic prophylaxis using cefazolin sodium 4x1 g/day was administered until postoperative day 3. None of the patients had postoperative wound problems. When postoperative pain was tolerable, the splint was removed and passive shoulder, elbow, and wrist exercises were started under supervision of a physiotherapist. Radiographs were repeated at postoperative months 1, 3, 6, and 12. Healing was defined as the presence of a bridging callus on at least three cortices on two radiographic views (anteroposterior and lateral views) and absence of graft lysis.
Statistical Analysis
For the limited number of patients, descriptive statistical methods were used for analysis.
Results
Relevant demographic and clinical features of the patients forming our study group are summarized in Table 1 . The study group included six females and four males with a mean age of 52.6 years (range: 36-70 years). One patient had a history of hypertension and one patient with hemiplegia had a history of epilepsy. The etiology of fractures included low-energy trauma (two patients), motor vehicle accident (six patients), and falling from a height (two patients). One patient had been treated conservatively and nine patients had undergone one-to-three surgeries in an attempt to obtain union of the fracture before admission to our institution (Figure 1 ). Previous surgical treatment included intramedullary nail fixation, external fixation and single-plate fixation. The average time between initial fracture and non-union repair was 46.5 months (range: 6 to 102 months) (Figure 2 ). The mean follow up time after non-union repair was 45.7 months (range: Figure 1 . A left humeral shaft fracture, sustained during a fall, in a 54 year old man, with initial treatment with intramedullary nail. The non-union repair was performed 80 months later and included removal of the nail, decortication, autogeneous bone grafts, and two-plate fixation. A) Radiolucent area around the nail was present on the preoperative lateral radiograph; B) radiograph immediately after surgery; C) radiograph at 1 month, postoperatively; and D) radiograph at 3 months postoperatively, showing evidence of fracture consolidation 13 to 70 months). The average time between the first examination and surgical repair was 5.7 days (range: 2 to 13 days). Patients were discharged on average 3.9 days (range: 3 to 6 days) after surgery. Long arm splints were removed on average of 20.1 days (range: 15 to 30 days) after surgery. Union was achieved in all ten cases, with a mean time to union of 5.8 months (range: 4.5 to 8 months). Functional outcomes of patients were evaluated, pre-and postoperatively, except for the patient with hemiplegia. The results are summarized in Table 2 . Both the VAS and DASH scores improved postoperatively, with a change in VAS score from 6.1 (range: 5-8) preoperatively to 2 (range: 1-4) postoperatively, and a change in DASH score from 
Discussion
Poor bone quality or bone stock due to disuse, osteoporosis and previous surgery, in combination with fibrotic tissues around neurovascular structures, increase the difficulty in effective treatment of nonunion of humeral shaft fractures. In patients with low bone quality, providing stability between the ends of the fracture is the most important component of the surgical management (15) . Currently, various techniques have been described in the clinical literature to provide sufficient stability, including the use of interlocking nails, unilateral or circular external fixator, and plates (5, 14, (16) (17) (18) . However, the rate of union using reaming and exchange nails has been reported to vary widely, between 40 and 100% (13, 18) . Furthermore, interlocking intramedullary nails do not provide the necessary rotational and axial stability to achieve consolidation of non-union humeral fracture (11) . Unlike a fresh humeral fracture, intramedullary fixation of a pseudo-arthrosis is technically difficult due to disruption in bony alignment and fibrotic tissues (7) . Unilateral external fixator may be used temporarily for infected non-unions, and there is evidence of superior outcomes using circular external fixation, compared to internal fixation systems, when the non-union is complicated by deformity, infection, bone loss, and length discrepancy (16) . However, plate fixation is considered to be the gold standard for the treatment of non-unions of humeral shaft fractures. Plate fixation offers several advantages, including compression, correction of axis and stimulation of osteogenesis with grafting in one-stage procedure. Among various plating techniques, healing rates have been reported to vary between 92 and 100% using compression plating in combination with autogenous grafting (6, 12) . Different types of plate fixation with grafting have been described. Van Houwelingen and McKee (8) and Hornicek et al. (6) evaluated the use of cortical allograft struts to treat humeral shaft nonunions complicated by severe osteopenia. Crosby et al. (19) have reported that the use of compression plating with intramedullary fibular allografting in twelve patients with osteoporosis and proximal nonunion of humeral shaft fractures provided union in ten patients (83.2%). However, these techniques may Extensive dissection has been reported to increase the risk for complications, such as wound healing problems and non-union due to the disruption of the biology and nutrition of the fracture fragments (16) . However, as correction of the local deformity of a non-union fracture is necessary, debridement of the non-union site, dissection of the radial nerve and extensive exposure for plating is mandatory. A wide exposure is required for two plates and, therefore, it has been recommended that exposure be limited to least six points of cortical fixation above and below the site of non-union for a single plate (20) . Using double-plate fixation required exposure of more than six fixation points to increase stability in the same dissected area. We accomplished this with no complications related to wound healing or infection. Based on our outcomes, we propose that increasing sites of exposure to optimize stability may increase the risk of complications. This is in contrast to the report of Martinez et al. (14) who advocated that extensive dissection was not necessary to place two plates and that two-plate fixation without extensive dissection did not increase the rate of complication (14) . Van Houwelingen and McKee (8) suggested that extensive periosteal stripping of the soft tissue could compromise the blood supply to the host humeral shaft, but they did not report any such effects to be clinically important. Although there was no radial nerve palsy in our series, it is important to be mindful that plate fixation does carry a high risk for radial nerve palsy, with an incident rate of about 20%, due to extensive exposure required. However, most of palsies are transient, resolving within 6 to 7 months (5, 7, (13) (14) (15) 19) . In terms of functional outcomes, we provided level 4 evidence of decreases in VAS and DASH scores postoperatively, findings comparable to previous reports. Ring et al. (15) reported that DASH score decreased from 77 to 24 points in their study, compared to 74.1 to 23.4 in our case series. Our rate of excellent or good results, based on the Stewart and Hundley classification, were comparable to rates reported by Martinez et al. (14) .
Study Limitations
The limitations of this study include limited number of patients, no other comparable group, such as single plate or nail fixation, and the use of different types of grafts. However, our analysis was based on ten cases of non-union with various fracture etiologies and over a rather wide age group. Therefore, we do believe that our results provide homogenous information about double-plate fixation.
Conclusion
In this study, double-plate fixation with bone grafting resulted in a high union rate, providing good functional results with a low complication rate. This method provides a reliable surgical option for patients with humeral shaft non-unions who have poor bone quality or inadequate bone stock. The main advantages of this method include decreased morbidity, rigid stabilization with multipoint fixation and rapid return to independence.
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